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GRK?2 overexpression inhibits IGF1-induced
proliferation and migration of human hepatocellular
carcinoma cells by downregulating EGR1
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Abstract. G protein-coupled receptor kinase 2 (GRK2) is a
serine/threonine kinase that is involved in a variety of impor-
tant signaling pathways and alternation of GRK2 protein level
or activity causes diseases such as heart failure, rheumatoid
arthritis, and obesity. However, the role and mechanism of
GRK2 in hepatocellular carcinoma (HCC) progression is not
fully investigated. In this study we found that GRK2 plays
an inhibitory role in IGF1-induced HCC cell proliferation
and migration. Overexpression of GRK?2 causes a decrease
in early growth response-1 (EGRI1) expression, while knock-
down of GRK?2 leads to marked increase in EGR1 expression
in the treatment of IGF1. Through co-immunoprecipitation
and western blot assay, we confirmed that GRK?2 can interact
with insulin-like growth factor 1 receptor (IGF-1R) and
inhibits IGF1-induced activation of IGF1R signaling pathway.
Silencing EGR1 attenuates GRK2 overexpression-caused
inhibition of cell proliferation, tumor colony number and
migration activity, while overexpressing of EGR1 restores the
anti-proliferative and migratory effect by GRK?2 overexpres-
sion in HCCLM3 cells. Collectively, these results suggest
that GRK2 may inhibit IGF1-induced HCC cell growth and
migration through downregulation of EGR1 and indicate that
enforced GRK2 may offer a potential therapeutic approach
against HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors worldwide, especially in Asian countries. It

Correspondence to: Professor Wei Wei, Institute of Clinical
Pharmacology, Anhui Medical University, Key Laboratory of
Anti-inflammatory and Immune Medicine, Ministry of Education,
81 Meishan Road, Hefei, Anhui 230032, P.R. China

E-mail: wwei@ahmu.edu.cn

Key words: G protein-coupled receptor kinase 2, early growth
response-1, insulin-like growth factor 1 receptor signaling pathway,
cell proliferation, cell migration

accounts for ~70% of liver cancers and may originate from both
liver cirrhosis and non-cirrhotic liver, indicating the existence
of different hepatocarcinogenesis pathways (1-3). Although the
precise mechanisms may be different according to the different
risk factors, the multi-step process of hepatocarcinogenesis
may be divided into several phases: chronic liver injury, cell
death, cirrhosis and regeneration, DNA damage, dysplasia,
and finally HCC (4-6). Through surgical resection and liver
transplantation, HCC is potentially curable at early stage.
Unfortunately, most of the HCC patients at diagnosis are in the
advanced-stage with serious background liver disease which
is not suitable for such therapy (7). Moreover, HCC is highly
resistant to traditional medical treatment such as radiation and
chemotherapy (8). Therefore, the need for the development of
effective prevention, and therapy of the disease is urgent.

G protein-coupled receptor kinase 2 (GRK?2) is a serine/
threonine protein kinase that is ubiquitously expressed. It was
originally found to desensitize G protein coupled receptor
(GPCR) signaling by phosphorylating the agonist-occupied
receptor (9,10). B-arrestin then binds to the phosphorylated
receptor to form a protein complex which prevents the coupling
of the receptor from its G-protein, leading to signaling
attenuation (11). Despite of its conventional role as a kinase
in receptor desensitization, an increasing number of evidence
shows that GRK2 can interact with other transmembrane
receptors to participate in various cellular processes, such as
receptor tyrosine kinases (RTKs) (12,13). GRK?2 translocates
to the ligand-activated PDGFR (platelet-derived growth factor
receptor) and EGFR (epidermal growth factor receptor), and
phosphorylates their intracellular domains. Although the rela-
tionship between GRK2 and some human diseases including
heart failure, hypertension, rheumatoid arthritis has been
intensely characterized (14,15), its role in cancer, particularly
in the proliferation of HCC, remains largely unknown.

EGRI1, known as early growth response 1, is a member
of the immediate-early gene family. It can be induced by
growth factors, cytokines and stress signals such as radiation,
damage (16). MAPK families, known as ERK1/2, JNK and p38
MAPK, are most commonly involved in EGRI1 activation (17).
EGR1 is also a member of zinc-finger transcription factors
with an amino terminal activation domain near the carboxyl
terminal end of the protein sequence (18,19), so it can bind to
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the promoter of the target gene to regulate the gene expression
and be involved in many biological functions, including wound
repair, cell growth, migration and invasion (20).

We selected two HCC cell lines, HepG2, with a high expres-
sion of GRK?2, and HCCLM3, with a low expression of GRK?2.
To directly study the effect of GRK2 on EGR1 expression,
HepG?2 cell line with a functional GRK?2 siRNA expression
was created, and remarkable elevation in EGR1 expression
was observed in the presence of IGF1. HCCLM3 with GRK?2
overexpression was created, and remarkable decrease in EGR1
expression was observed in the presence of IGF1. Furthermore,
we found that GRK?2 negatively regulates IGF1-induced activa-
tion of IGF1R signal pathway though binding to IGFIR. This
regulation of EGR1 by GRK?2 may be essential for HCC cell
growth as evidenced by the in vitro cell growth and migra-
tion studies. Thus, our data suggest, for the first time, that the
regulation of EGR1 by GRK2 is critical for HCC growth and
enforced GRK2 may offer a potential therapeutic approach
against HCC.

Materials and methods

Reagent and antibodies. All chemicals and HRP-conjugated
anti-rabbit, mouse, goat IgG were purchased from Sigma-
Aldrich. Antibodies against EGR1, phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204), p44/42 MAPK (Erk1/2), phospho-
Akt (Serd73), Akt, phospho-IGFIR f (Tyrl1135), IGFIR ,
and human recombinant IGF-1 were from Cell Signaling
Technology; antibodies against GRK2, actin and protein A/G
plus-agarose were purchased from Santa Cruz Biotechnology.

Cell culture and transfection. Human HCC cell lines,
HepG2, SMCC7721, HCCLM3 were maintained in DMEM
(Hyclone) supplemented with 10% FBS (Hyclone) and 2 nmol/l
L-glutamine and penicillin-streptomycin. Cells were cultured
in an incubator with humidified air at 37°C with 5% CO,.
Lipofectamine-3000 (Invitrogen) was employed for transfec-
tion according to the manufacturer's instruction. The stably
transfected cell lines were obtained after being selected
by 800 pg/ml G418 for 3-4 weeks. Double-strand siRNAs
targeting GRK2, EGR1 and scrambled control was synthe-
sized using the following sequences, siRNA-GRK?2; forward,
5'-GCA UCA UGC AUG GCU ACA UdTdT, reverse, 5-AUG
UAG CCA UGC AUG AUG CdTdT; siRNA-EGR1; forward,
5'-CCU GGA GCC UGC ACC CAA CdTdT, reverse, 5'-GUU
GGG UGC AGG CTC CAG GdTdT, siRNA-scramble: forward
5'-AUG AAC GUG AAU UGC UCA AdTdT, reverse 5-UUG
AGC AAU UCA CGU UCA UdTdT. SiRNA duplexes were
purchased from GenePharma.

RT-PCR and real-time PCR. Total RNA was isolated by
TRIzol (Invitrogen) according to the manufacturer's instruc-
tions, and 1 yg RNA was converted to cDNA using the high
capacity cDNA reverse transcription kits (Invitrogen). The
following primer sets were used for RT-PCR and real-time
PCR: ACTIN-Fw: 5'-GAC CTG ACT GAC TAC CTC ATG
AAG AT-3', ACTIN-Re: 5'-GTC ACA CTT CAT GAT GGA
GTT GAA GG-3'; EGR1-Fw: 5-CTG ACC GCA GAG TCT
TTT CCT G-3, EGR1-Re: 5-TGG GTG CCG CTG AGT
AAA TG-3'; GRK2-Fw: 5-GTT GCT GCA GAG GGA TGT
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CAA CCG-3,GRK2-Re: 5-GTC AGG AAG GGG TTG CCC
ATC TTG G-3.

Immunoprecipitation. Cells were washed with ice-cold PBS
and lysed in 800 1 NP-40 solubilization buffer for 0.5 h. The
lysate was centrifuged and the supernatant was incubated
with 1 ug of anti-IGFIR antibody and 15 ul of 50% slurry
of protein A/G plus-agarose beads at 4°C overnight. The
beads were subsequently washed, and the proteins bound to
the beads were separated by SDS-PAGE. The samples were
detected in the subsequent western blot with anti-GRK?2 and
anti-IGF1R antibody.

Western blot analysis. Cells were harvested and lysed in the
RIPA lysis buffer to prepare the whole cell extract. Protein
concentration was determined using Bradford assay (Bio-Rad,
Hercules, CA, USA). Lysates were subjected to SDS-PAGE
and immunoblot analysis. Horseradish peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence
detection (ImageQuant) was used to detect specific immuno-
reactive proteins.

Cell proliferation assays. The proliferation of HCC cells were
examined using Cell Counting Kit 8 (Dojindo) according to
the manufacturer's instructions. Equal numbers of cells in a
volume of 100 ul were seeded in a 96-well plates. The cells
were transduced with GRK2 expression plasmid, GRK2
siRNA duplex and their corresponding controls with and
without IGF1 stimulation. The plates were incubated for
3 days. Cell proliferation was determined every 24 h. For
each measurement, 10 1 CCK was added into each well and
incubated at 37°C with 5% CO, for 1 h. The absorbance of the
plate was taken at 450 nm in an ELISA plate reader. All assays
were done in triplicate.

Tumor colony formation assay. After the stable transfected
HCCLM3/pc-GRK2 and its control cells were transfected with
EGR1 siRNA or scrambled siRNA for 48 h, 5000 cells were
suspended in 1.5 ml DMEM with 0.35% agar, 50 ng/ml IGF1
and 5% fetal bovine serum and seeded in 6-well plates which
were pre-coated with the same medium except containing 0.5%
agar. The cells were allowed to form colonies for 2 weeks. The
colonies were stained with 0.1% crystal violet for 10 min at
37°C and counted.

Wound healing assay. HepG2 and HCCLM3 cells transfected
with corresponding plasmids or siRNA were seeded into
24-well plates, at 80-90% confluency, the cell monolayer was
disrupted with a cell scraper. After washing with PBS three
times to remove cell debris, the remaining cells were treated
with 50 ng/ml IGF1 and then images were captured by micro-
scope at 0 and 24 h after treatment. Cell motility was evaluated
according to the following formula: Cell motility = (distance
24 h - distance 0 h)/distance O h.

Statistical analysis. All experiments were performed in trip-
licates. The data represent the mean + SD. Statistical analysis
was performed with SPSS 17.0 software. Student's T-test
was used to analyze the significance between two groups.
Statistical significance was set at P<0.05, P<0.01.
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Figure 1. The regulation of IGF1-induced human HCC cell proliferation and migration by GRK2. (A and B) GRK2 levels were evaluated on three HCC
cell lines, HepG2, SMCC7721, HCCLM3 by western blotting, RT-PCR and real-time PCR (“P<0.01 compared with HepG2). (C and D) Growth of HepG2/
si-scramble, HepG2/5i-GRK2 and HCCLM3/pc-ctr, HCCLM3/pc-GRK2 cells treated with 50 ng/ml IGF1 or the vehicle (0.1% DMSO) for 72 h. (E-H) Wound-
healing analysis of HCC cell migration for O and 24 h, images and quantitative analysis of HepG2/si-scramble, HepG2/si-GRK2 and HCCLM3/pc-ctr,
HCCLM3/pc-GRK2 cells treated with 50 ng/ml IGF1 or the vehicle at 0 and 24 h; (*/P<0.01, “P<0.05 compared with ctr group, “P<0.01, “P<0.05 compared

with ctr+IGF1 group).

Results

Regulation of IGFI-induced human HCC cell proliferation
and migration by GRK2. A recent study indicates that GRK?2
has an inhibitory role in regulating IGF1-stimulated signaling
pathway in HEK293T cells (21). This observation promoted
us to investigate whether GRK?2 is critical for IGF1-induced
human HCC cell proliferation and migration. To gain a
profile of basal GRK2 levels in HCC cells, we examined
GRK2 expression in three HCC cell lines by western blot and
RT-PCR analysis, with the highest level in the HepG2 cell
line and the lowest level in the HCCLM3 cell line (Fig. 1A
and B). We thus selected HepG2 for GRK?2 knockdown experi-
ments (HepG2/si-GRK2) and HCCLM3 cell lines for GRK2
overexpression (HCCLM3/pc-GRK?2) experiments. As shown
in Fig. 1C, E and G, suppression of GRK2 in HepG2 led to
an increase in IGF1-induced cell proliferation and migration
compared with control cells. While in HCCLM3, as shown in
Fig. 1D, F and H, overexpression of GRK?2 led to a decrease in
IGF1-induced cell proliferation and migration. These results
indicate that GRK2 can negatively regulate IGF1-induced
tumor cell growth. However, GRK?2 alone can not affect HCC
cell growth without IGF1 stimulation (Fig. 1C-H).

GRK?2 induces downregulation of EGRI expression in the
IGF1 treatment. To determine the mechanisms of proliferation

inhibition role of GRK2, we next investigated GRK?2 regulated
genes in HCC cells. From unpublished microarray results, we
found that EGR1 expression can be inhibited by GRK2 over-
expression in the presence of IGF1. As shown in Fig. 2A-C,
significant increases of EGR1 levels were observed in GRK2
siRNA cells compared with the control cell as evidenced by
RT-PCR, real-time PCR and western blot experiments. In
contrast to GRK2 downregulation, overexpression of GRK?2
in HCCLM3 led to a decrease in EGRI protein and mRNA
levels (Fig. 2D-F). These results revealed that GRK?2 induced
downregulation of the EGR1 expression in the IGF1 treatment
of HCC cell lines.

GRK?2 negatively regulates the IGFI-induced IGFIR
signaling pathway through interacting with IGFIR. Previous
studies indicated that activated IGF-1IR can stimulate the
downstream Erk signaling to ultimately transactivate the
EGR1 transcription factor (22,25). In order to explore the
mechanisms by which GRK2 regulates the EGR1 expres-
sion, we investigated the influence of ectopic expression of
GRK2 on IGF1 signaling pathways, and analyzed the IGF1R,
ERK and AKT activation in HCC cells expressing high levels
of GRK2, or a siRNA directed against GRK2. As shown
in Fig. 3A and B, silencing of GRK2 led to an increase in
IGF1-induced activation of IGF1R, ERK and AKT in HepG2
cells. Conversely, in Fig. 3C and D, overexpression of GRK?2
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Figure 2. GRK2 induces downregulation of EGR1 expression in the treatment of IGF1. (A-C) The expression of GRK2 and EGR1 in HepG2/si-scramble
and HepG2/si-GRK2 cells treated with 50 ng/ml IGF1 was analyzed by western blotting, real-time PCR and RT-PCR. ("P<0.01 compared with HepG2/si-
scramble+IGF1 group). (D-F) The expression of GRK2 and EGR1 in HCCLM3/pc-ctr and HCCLM3/pc-GRK2 cells treated with 50 ng/ml IGF1 was analyzed
by western blotting, real-time PCR and RT-PCR; ("P<0.01 compared with HCCLM3/pc-ctr+IGF1).

caused a decrease in IGF1-induced IGFIR, ERK and AKT
activation in HCCLM3 cells.

GRK2 can desensitize GPCR signaling and some tyro-
sine kinase receptors by binding to the agonist-occupied
receptor (9,10). Then we analyzed the relationship between
GRK2 and IGF1R in an HCC cell line. The association of GRK?2
and IGFIR was observed in the IGF1 treatment of HCCLM3
cells, and after GRK2 overexpression, this association was
increased in the stimulated conditions (Fig. 3E), suggesting
that GRK?2 overexpression increased the formation of GRK2-
IGFIR complex in a ligand-dependent manner. These results
demonstrated that overexpression of the GRK2 suppressed
IGFIR signaling pathway through interacting with IGFIR, and
this regulation may lead to decreased EGR1 expression.

Anti-proliferative and migratory effect by overexpression of
GRK?2 is EGRI-mediated. Since GRK2 has been involved in
HCC cell proliferation and migration, we investigated whether
EGR1 is critical for GRK2-regulation of these functions.
Stably transfected HCCLM3/pc-GRK?2 and HCCLM3/pc-ctr
cells were transiently transfected with either sSiRNA-EGRI1 or
EGRI expression plasmid, the cell scratch migration (Fig. 4A
and C), tumor colony-forming (Fig. 4B and D) and prolif-
eration assays (Fig. 4E) were performed with the cells in the
presence of IGF1. Overexpression of GRK2 or suppression
of EGR1 in HCCLM3/pc-ctr cells led to significant decrease
in cell proliferation, colony growth and migration compared
to control cells. Of note, treatment with EGR1 siRNA
minimized the difference in cell growth and migration
between HCCLM3/pc-GRK2 cells and control cells, while
overexpression of EGRI1 restored the anti-proliferative and
migratory effect by GRK?2 overexpression in HCCLM3 cells.

These results indicated that GRK?2 inhibits IGF1-induced HCC
cell growth and migration through downregulating EGR1.

Discussion

GRK?2 is known to have antiproliferative, antitumor activities
in some tumors. Enforced overexpression of GRK?2 inhibited
cell proliferation in human thyroid cancer cells and in human
smooth muscle cells (23,24); however, the mechanisms by
which the proliferation activity was mediated by GRK?2 is
not clearly understood. In this study, we illustrated a novel
mechanism that enforced GRK?2 blocks HCC cell proliferation
and migration induced by IGF1, including repressing EGR1
expression and blocking the IGFIR signaling pathway by
interacting with IGF1R. This is the first report of GRK2's
involvement in the regulation of EGR1 expression.

In this study, GRK2 overexpression alone was not able to
suppress the proliferation of HCCLM3 cells in the absence
of IGF1, which seems to contradict the published data that
enforced GRK?2 by adenovirus transduction inhibited HCC
cell growth (24). One explanation may be the differences of
cell types, Mahlavu and Huh7 cells were chosen in the previous
study, whereas HCCLM3 and HepG2 were used in the current
study. Another possible explanation is that the time lengths in
the proliferation assay are different, in the previous study the
test time was four days, and GRK?2 inhibited the growth of
Mahlavu and Huh7 cells on the third and fourth day, but there
is no difference of cell growth in the first two days. In the
current study, we tested three days of cell proliferation, and did
not detect the difference during this period.

While EGRI is crucial for the proliferation of hepatocytes
and plays an important role in liver regeneration (26), the
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Figure 3. GRK2 negatively regulates the IGF1-induced IGFIR signaling pathway through interacting with IGFIR. (A and B) Whole cell lysates from HepG2/
si-GRK?2, HCCLM3/pc-GRK2 cells and the control cells which were treated with 50 ng/ml IGF1 or the vehicle were subjected to SDS-PAGE analyses for the
expression of GRK2, IGFIR, ERK and AKT. Activation of IGFIR, Erk and AKT was examined by immunoblot assays using anti-phosphorylated antibody.
(C and D) The histogram corresponding to the quantitative analysis of IGFIR, Erk and AKT activation are shown. The band intensities of phosphorylation
of IGFIR, Erk and AKT were normalized to that of the corresponding non-phosphorylation. The data from three independent experiments are shown as the
mean + SD. Densitometry values in the histograms were expressed as fold-change relative to the normal control, #P<0.01 compared with normal control
group, “P<0.01 compared with control plus IGF1 group. (E) HCCLM3 cells were either transfected with control or GRK?2 expressing plasmid, serum starved
for 12 h, and stimulated or not with IGF1 (50 ng/ml) for 10 min. The cell lysates were immunoprecipitated with anti-IGFIR or GRK2 antibody, followed by
immunoblotting for GRK?2 or IGFIR. 3-actin levels in the total protein lysates before IP were used as loading controls.

expression level of EGR1 and its impact in HCC are controver-  expression (28). Also studies have indicated that increased
sial. One study found that EGR1 is overexpressed in HCC (27), HGF/c-Met signaling could lead to growth-promoting
while another study found downregulation of EGR1 functions of EGRI1 in HCC (29,30). In our study, the growth-
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Figure 4. The anti-proliferative and migratory effect by overexpression of GRK?2 is EGR1-mediated. (A and C) Wound-healing analysis of HCCLM3 cell
migration, images and quantitative analysis of HCCLM3/pc-ctr and HCCLM3/pc-GRK2 cells transfected with EGR1 siRNA or EGR1 expression plasmid in
the IGF1 treatment at 0 and 24 h. (B and D) Tumor colony formation of HCCLM3/pc-ctr and HCCLM3/pc-GRK2 cells transfected with EGR1 siRNA or EGR1
expression plasmid in the IGF1 treatment. Cell colonies were visualized under a microscope (B) and the number was counted and presented as number/well
(D). (E) Growth of HCCLM3/pc-ctr and HCCLM3/pc-GRK2 cells transfected with EGR1 siRNA or EGR1 expression plasmid in the presence of 50 ng/ml
IGF1 for 72 h ("P<0.01 compared with HCCLM3/pc-ctr+si-scramble group, #P<0.01 compared with HCCLM3/pc-GRK 2+si-scramble group). (F) Schematic
model of the GRK2 proliferation and migration inhibition. Overexpression of GRK?2 inhibits IGFIR signaling activation through increasing the formation
of GRK2-IGFIR complex in a ligand-dependent manner, prevents the activation of PI3K/AKT and MEK/ERK pathway, and inhibits expression of Egr-1,

resulting in suppression of proliferation and migration of HCC.

promoting effect of EGR1 may arise due to increased MEK/
ERK and PI3K/AKT signaling by IGF1. Many studies show
that transcription factor EGRI1 is a key regulator in mediating
HGF-induced genes that encode regulators of cell prolifera-
tion, migration, invasion, and metastasis (29-31).

Taken together, these observations presented in this study
indicated that GRK2 plays regulatory functions in HCC cell
growth. They also suggested that enforced GRK?2 may offer a
potential therapeutic approach in the treatment of HCC.
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